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TIVATION: QCD AT FINITE TEMPERATURE

o Commonly accepted language for description of matter in heavy-ion collisions:
finite temperature Quantum ChromoDynamics

@ Method for finite temperature field theory and QCD in particular:

o Lattice numerical simulations (LQCD): non-perturbative first-principle approach
Limitations:
— real-time properties (viscosity, conductivity, etc.) are very difficult to calculate
(maximal entropy methods are usually applied),
— only zero baryon density: sign problem

o Functional methods (functional renormalization group, Schwinger-Dyson )
Limitations:
— based on non-systematic truncations

o AdS/CFT duality
Limitations:
— infinite N,
— strong coupling limit only

o Perturbative methods:
Limitations:
— applicable only at large 7 and u

Our goal: to include important non-perturbative effects in perturbative QCD.
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Hydrodynamics is quite successful in describing two-particle correlations in A + A
collisions

Elliptic flow

1 dN
Vy, ~ — d¢d—¢cos(7m)

A+A RHIC and LHC: v, ~ 0.1

This is consistent with an assumption of strongly interacting matter with small
viscosity
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Small viscosity! Strongly interacting system!

Viscosity is proportional to mean free path (inversely proportional to scattering
cross-section)
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HEAVY—QUARK/ JET ENERGY LOSS IN QUAR-GLUON PLASMA

e

A

@ A particle traveling in the medium scatters on its constituents and loses its
energy.

o Small viscosity of the matter implies strong interaction.
o Thus it is expected that the energy loss is dramatically large.

@ This is not the case!
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ADS/CFT AND JET ENERGY LOSS

Suppression of single inclusive high p, hadrons
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While /s is close to its “minimal” AdS/CFT value, the energy loss seems to be
overestimated in AdS/CFT.
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ToNnizatioN IN QCD pPLASMA
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Neutral state ~» confined phase, Completely ionized plasma ~»
color neutrality > hadronic scale perturbative QGP with freely moving
charges

.00 @ ©
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Partially ionized plasma ~» partial ionization of color: hadrons and color charges;
semi-QGP, nontrivial holonomy
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ORDER PARAMETER FOR DECONFINEMENT PHASE TRANSITION

F; [MeV]

o Wilson line L = exp (ig fOI/TAod‘r);

trace of Wilson line: the Polyakov loop, L = trlL/N,, is gauge invariant
o Free energy of static quark, in pure glue F(T) = F(r — o0, T)/2
@ Polyakov loop L = exp(—F(T)/T)
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POLYAKOV LOOP AS A MEASURE OF PARTIAL IONIZATION: PURE GLUE

Polyakov loop: (L) ~ ¢~ Fes /T

Confined: Fieg gk — o0,  Semi QGP: 0 < (L) < 1 Perturbative QGP:
(Ly =0 (L) measures degree of ionization  Fiegt gc/7 — 0, (L) — 1
confined semi QGP QGP
1.2 p
L3 u mm = =
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<t> yﬁ direct renormalization ~— *
0.6 . QQ renormalization — &
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POLYAKOV LOOP AS A MEASURE OF PA

1AL 10N1ZATION: LQCD

Polyakov loop: (L) ~ e~ Fieta/T

Confined: Fieg gk — 0,
(Ly > 0

Intermediate regime: 0 < (L) < 1
(L) measures degree of ionization

Deconfined:
Flest qk/T il 07 <L> -1

confined semi QGP QGP
1.0 ‘
Lren e i
0.8 | @ "
’ L]
{. @
L s 2 i
<L> 0.6 He p4, Nt=6 —*—
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Y
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L
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# Bazavov et al
0903.4379
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POLYAKOV LOOP AND EIGENVALUES OF WILSON LINE

Non-trivial holonomy

T
trL = exp (igf Aod‘r)
0

can be represented by eigenvalues of Wilson line.

In mean-field approximation:
. i .
Al = - diag(©'. 0%+ 0")

The background field Ag‘ is manifestly non-perturbative (o 1/g).
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Punchline: transition region (‘“semi”’-QGP):
must exhibit partial ionization of color
shear viscosity, energy loss. .. must depend upon the degree of ionization

Energy loss
S = energy loss in semi—QGP
! ™ energy loss in perturbative QGP
1.0
[ Sq TC / MS:1'35
& m  scattering @ S, - Coulomb scattering (scattering
g . off light quark off of light quark, ¢ channel )
= 05F u . .
§ a ° Sg;” - Compton scattering (scattering
‘& off of gluons, t and u channels)
3 o ° S; increases as color is ionized
an o scattering
0 o0 | dehon,
100 200 300 400 500
T, MeV
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PERTURBATIVE vs SEMI-QGP

Usual argument of kinetic theory =~ Semi-QGP

Majumder, Muller and Wang, hep-ph/0703082 Y. Hidaka, R, Pisarski 0912.0940
Liao and Shuryak, 0810.4116 R. Pisarksi, V. Skokov proceedings of QM2013
Asakawa, Bass, and Muller, hep-ph/0603092, 1208.2426
@ Viscosity n ~ p?/o @ Viscosity 7 ~ p*/or
o p - density of color charges o p - density of color charges, p ~ (L)’
p~1 e o - cross section: o ~ (L)?
e o - crossection: o ~ g*, o~ <L>2, small in semi-QGP
g - coupling

o large g ~» small n

o Energy loss (large N,)
dE o E (L) E
o large g ~» large - dx dx on light quarks

2 dE
+<L> dx off gluons

o Energy loss £ ~ ¢2p?
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SUMMARY FOR DIFFERENT MODELS

AdS/CFT

small viscosity (conjectured lowest limit) /s = 1/4nl
large energy loss (cc 12 ) (here [ = length)

Collection of results

AdS/sQCD: energy loss o [°
pQCD, energy loss o />
experiment, energy loss < />

semi QGP provides suppression of pQCD results
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Details

Collisional energy loss in large N, limit
Collisional energy loss due to scattering off of light quark, N, = 3
Collisional energy loss due to scattering off of gluons, N, = 3

e 6 o o

Outlook: radiative energy loss, photon and dilepton production
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NON-ZERO POLYAKOV LOOP ~» NON-TRIVIAL HOLONOMY

o Finite temperature field theory: S(1) X R(3)
Polyakov loop L = Tr P exp (ig fOI/T Aod‘r)

Anzatz for [Agla = 6,1;,%, for the sake of simplicity O = 22T - ¢*
Tracelessness tr Ag =0~ >, 0=>,¢=0

Classical approximation: zero action for Ay

One loop about Ay: Gross, Pisarski, Yaffe 81 (no functional modification to two
loop order, see A. Dumitru et al, 2013)

N2

-1 1
Upent = =20 | == = 2 3 (= 00)” (1 =g = %DZ}
a,b

Gives only trivial Ay
o Non-perturbative contribution are modeled by (R. Pisarski et al)

22
Unon—pert =T Td

N N
¢ Zb] 4o = g51 (1 = Ig0 = qsD) + ¢ Zbkqa ~ ) (1= lga = @sl)* + ¢3
a, a,

@ ¢; are fixed to get transition at 7 = T, and describe lattice data
o three colors: g, = —¢g2 = g, g3 = 0. Confining at ¢ = 1/3 and perturbative g = 0.
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DISTRIBUTION FUNCTION FOR QUARKS

o Lagrangian for quarks in background field A,
L= J(y,iD" - m)y with D" = 9 + igA* and A* = §*0A°, A, = i,
o Logarithm of partition function:

InZ = lnfl)lp exp (— fd4xE£E) = Z In det (y'”aﬂ + 27T q, 6" + im)

=2 Z Indet [(04 + 27g,)* — 8 + m?]

——2TZf(2 X ln 1+exp( Ep/T—i27tqa))1+c.c.

&Ip p* ,
— Zf(z )3E n(E, - 2niTq,)+c.c., E, = \/Im

o Quark distributing function

1

WE, - 21iTq,) =
ni(Ey = 2miTqa) exp(E,/T — 2mig,) + 1
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DISTRIBUTION FUNCTION FOR QUARKS & GLUONS IN A

Quark and gluon propagator in a background Ay field: Hidaka, Pisarski 0906.1751
o Distribution function for quarks (Q, = 27Tq,)

. -1
ni(p, Q) = [exp (p _T’Q“) + 1}

o Compare the previous to usual Fermi-Dirac distribution at finite chemical
potential

— -1
nl(p) = [exp (p—“) + 1]
T
=0,
o Distribution function for gluons

p=iQ. -0\ _|"
T

ni,b(p’ 0)= [CXP(

VviapiMIR.Skokov @ WMICH.EDU SEMI-QGP Muwest CriticaL Mass 18 /36



DISTRIBUTION FUNCTION FOR QUARKS & GLUONS: LIMITS

@ Perturbative QGP (trivial holonomy), O =0
-1

k - k
n(k,Q = 0) = [exp(;) - 1] Wk, Q = 0) = [exp(;) 1

o In confined regime: tr L" = 3, exp(2nnig,) = 0 unless n = jN,, j € Z, when
tr L" = (=1)*WVetD N, therefore

Znaq_ZZexp( —nk/T)tr L" = 1+ex11\)7(Nﬁk)

a n=1

Number of quarks in confined state (k — N, k)

1
Moo= [l Ynt = s [

where d is the number of spatial dimensions.
To be compared with number of particles in deconfined regime Ny

1
= f [dkIn!(Q = 0) = N f N expE0)

In the large N, limit, Ncope — O unless d < 2.
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COLLISIONAL ENERGY LOSS

o Heavy, energetic particle in the initial state: £ > M > T.

o Collisional energy loss per unit length is proportional to the density of particles.
Scattering off of light quarks:

dE
Z f n(k + 27iTq,) X Matrix element
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LARGE N LIMIT FOR SCATTERING OFF LIGHT QUARK: BIRDTRACKS

nc  (1-ng (a N b-1/Na v b)(C “ OI-1/NC M d)=

o] d c d o] d o] d

’7-1/1\1 U -1N ﬂ +1N? On o =

a b
S q a b a b a b a b
c d ¢ d -a -b
“1N large N
a b a b a b

Generators of SU(N,): ’t Hooft’s double line basis (N? generators)

1 1 1
(tab)cd = — (6?53 - ﬁ&abdcd) Tr tabtca' = EP(ab)(Cd)

V2
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LARGE N LIMIT

d
= Z f LK1 TUdp'1f (p, k. K, )(E + i0.) [1 = n(Ep +i0))]

D ME+i00) = ) lexp (BE +iB0.) + 1]

= Z(—l)” exp (—nBEy) Z exp(inBQ,) = Z(—l)" exp (-nBEy) tr L
n=1 a n=1
for small tr L scattering off light quarks ne (g
dE L (dE ) }i
— C . —_— a b
dx dx ) Sq
Similar argument for scattering off gluons gives nes (1400)
E (L) dE T s
—_— . —_— a b H
dx Ax ) . Sg | |7 8.
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As in perturbative QCD, but taking into account modification of distribution function
in final/initial state.
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N=3: SCATTERING OFF LIGHT QUARKS

dE Z fn,(k) l+n (k’) f Qa)*6W(P+K-P -K) IMPow
! , pr

dx 4EE'd
K.(e)  K'.(f)
1 8Nig* 2(s — M2 + (u— M?? +2M*t _ N2 -1
L e = BNt 20 - M ) N |
d N, 2 4N, (@d
Keeping only leading log terms
P(a) P (b)
dE(AS]) =5,(A ) aE pen‘ dE " a’T*N, N - 171111E
dx ‘ . \ax)|, TN m

with semi QGP suppression factor
o pert. limit Ay = 0: Sq,(ACl 0)=1

1 n+1 L
&tr o confining limit: Sq(A(C)]) =1 /ch

n2 N,

S (Acl)
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N=3: SCATTERING OFF GLUONS
dE\ |({dE
5= () (%)
dx i dx i,pert.

@ fchannel
K. (e, f) K',(g.h)
|tI'Ln|2 dE|"Pert ET (c,d)
St ACI . _ 2T2 N2 1 1 I (N
LA = [ﬂz Z . (N2-DZ o
P.(a) P, (D)

@ u channel, the same suppression factor

u,pen

dE

= 2T2C2—1 ET
dx g

FeIngm  Cr= (V= D/CN)

o Limits: perturbative: Sy(AS' = 0) = 1
confining background field: S, = 0
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Poryakov Loor: LQCD

confined semi QGP QGP
1.0 T T
]
Lren e
0.8 [ £ . 1
: n
A &
0.6 2" p4, Ne=6 — 4 1
. , NT=! i
<L> Ne g
i b — ——
04 - K asqgtad, Nt g i i
2+1 LQCD
0.2 [ 1
Bazavov et al
s 0903.4379
0.0 ‘ ‘
100 150 200 250 300 350 400 450

T [MeV]
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POLYAKOV LOOP AS A FUNCTION OF 71': PERTURBATIVE CORRECTIONS

@ One needs to extract the eigenvalues of the Wilson line, ¢,

@ One can use models or first principle lattice QCD calculations

o Lattice QCD: not only classical field contributions to Polyakov Loop.
Polyakov loop receives the perturbative corrections

(Burnier, Laine, Veplalainen 2009)

o Perturbative corrections exponentiate, i.e. for the case of the non-trivial
holonomy

Lujper(AG) = L(AS) exp [6Lpen(A)]
The dependence of the perturbative corrections on the background field A,

SLpert(AS) = Lper(0)
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PoLYAKOV LOOP AS A FUNCTION OF T: N, = 3

10F®  Te/Aps=135 o O “
L+ T./Ays=110 O 03F \~
o LQCD O i ‘e,
=] -
. ! ! 02f .
— H o =
[ ] E 3
° =
0.1F
| T,/ Apg=1.35
0 N L N L N L N 0 N L N L N L N L N
100 200 300 400 500 100 200 300 400 500
T, MeV T, MeV
S. Lin, R. Pisarski and V.S. arXiv:1312.3340
(4.0, L=~[1+2cos2nq)]
=(-¢,0,9); L=3 cos(27 .
1 %54 3 1 trlL is known, trlL” are needed

Lattice: Karsch et al L = 1 + 2 cos(2ang)
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NUMERICAL RESULTS

1.0
LIS Te/ wms=1.35 ¢ (dE) /(dE)
& o gt L] i= V7 e
8 & ] " dx i dx i,pert.
& m  scattering .
ps n off light quarks| For three colors analytical result:
2 05 - N.=3 2
95) c=I —
2 - Sy =1-84
Q.
= s ®° N.=3
& o ° SN =1-3¢(2-39)
- o scattering
. o Arghions
100 200 300 400 500 o Different processes are suppressed
T, MeV .
differently
e (1-ngy| | nea (nen) | (Mnefly (e @ Processes with gluons are suppressed
v stronger then those with quarks

a b
/El Nod  (T+nef) o for quarks:
: P M S, — 1/N? at low temperatures

a b
Sq Sg SComptol;

S. Lin, R. Pisarski and V.S. arXiv:1312.3340
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RADIATIVE ENERGY LOSS: PRELIMINARY LARGE N RESULT

(1+ncd) Large N limit

_CC b Suppressed by
a b
ng(1—n)(1+n_._p)~trL
-a ¢

Radiative

Correct treatment includes ladder diagram resumption, work in progress...
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PHOTON PRODUCTION

Based on very similar arguments

Naive calculations include only

Suppression: tr L
Suppression: at given 7T the density of quarks is smaller.

However, complete leading order results include collinear emission, nonlinear quark
annihilation and LPM effects, Arnold Moore Yaffe (AMY) *00

AMY in nontrivial background A(: work in progress...
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DILEPTON PRODUCTION

Color singlet in the final state, no suppression at leading order.

Therefore high T photons are suppressed, but not high T dileptons.
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PHOTON AZIMUTHAL ANISOTROPY

Naive argument:

@ photon emission oc T* and thus the highest in
quark-gluon phase

o the flow of matter is the smallest in initial state

o thus, it was expected that photon azimuthal

anisotropy is smaller then hadronic one (from final
state) by a factor of ~ 5

v (7%)

400

300

T, MeV

T T

Bjorken expansion
T/ To~(to1)™R
Production rates~T#3

P. Huovinen et al

20-30%
RHIC 200 AGeV

4 6 8 10 12 14
T [fm]
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PHOTON AZIMUTHAL ANISOTROPY

¢ Direct photons: e Hadrons:

0.3

S o) PRL 109 202303

PHENIX

02f
015[

0.1

PHENIX Data 'STAR Data
- "4 A
0051 % O pp ok ||
3 : ; T |
of- 0 2 4 6
F p, (GeV/c)

1 2 3 4 5 6 7 8
[ [GeVic]
o experiment (PHENIX at RHIC and ALICE at LHC) showed that hadron and
photon azimuthal anisotropy is approximately the same
o there is either an alternative mechanism for photon azimuthal anisotropy (e.g.
conformal anomaly and magnetic field G. Bazar, D. Kharzeev and V.S.
Phys.Rev.Lett. 109 (2012) 202303) or there is a suppression of photon
production in QGP state
Our mechanism provides this suppression for photon, but not for dileptons!
Dileptions: no suppression! As a consequence v, < v}
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ConcLusIONs: PERTURBATIVE QCD MEETS HEAVY-ION

PHENOMENOLOGY

@ semiQGP: nontrivial holonomy as an instrument to include non-perturbative
confinement effects into perturbative QCD

@ calculations in a non-trivial background classical fields: quite tedious, but doable

@ collisional energy loss: suppression factor for scattering off of quarks is
proportional to the Polyakov loop, scattering off of gluons is proportional to the
second power of the Polyakov loop

o this approach may help to solve two puzzles of HIC phenomenology:
— strong-coupling paradox: small viscosity and moderate energy loss
— large azimuthal anisotropy of photons
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Thank you!




